Purpose: To investigate the 5-year follow-up status for newborns diagnosed with metabolic disorders designated as "primary disorders" on the federal Recommended Uniform Screening Panel (RUSP).
INTRODUCTION
Over the past 10 years the value and challenges associated with providing long-term follow-up (LTFU) for children diagnosed with disorders through newborn screening (NBS) have increasingly been recognized. In 2006, the Clinical Laboratory Standards Institute described LTFU as a means to determine if the goal of NBS is being achieved through improvements in the health outcomes for affected children and their families. 1 Also in 2006, Timothy Hoff 2 published two papers on the practices and perception of LTFU among program staff and barriers to the collection of LTFU data. 3 He concluded that eventually all state NBS programs should be involved in LTFU. 2 In 2007, Hoff further addressed LTFU data collection inconsistencies across individual state NBS programs. 4 His fourth paper, in 2008, described the increasing recognition of the value of LTFU in evaluating treatments and outcomes, health systems access, and quality of life for individuals with disorders that were recently added to state NBS panels, and "cultural norms" among program staff that were viewed as barriers to wider-scale adoption of LTFU data collection. 5 Also in 2008, the US Secretary of Health and Human Services' Advisory Committee on Heritable Disorders in Newborns and Children defined LTFU as important to ensure the provision of quality chronic disease management, condition-specific treatment, and age-appropriate preventive care throughout the individual's lifespan. 6 In 2009, Botkin et al. 7 described the need for systematic collection of LTFU data as a surveillance tool to address knowledge gaps and better establish the efficacy of expanded NBS.
These earlier papers set the stage for a commentary by Harvey Levy 8 in a 2010 supplement of Genetics in Medicine that highlighted national efforts to incorporate LTFU into NBS programs and built on a growing consensus of the value of LTFU data for disorders detected through NBS. The special supplement included a paper by Feuchtbaum et al. 9 that described the LTFU data system that was being implemented by the California NBS program. In 2011, Hinton et al. 10 described LTFU data as a tool to address four overarching public health questions related to NBS care coordination, evidence-based clinical practice, continuous quality improvement, and new knowledge discovery. Hinton and colleagues also addressed health-care utilization and health outcomes for selected metabolic conditions 11 in 2014 and LTFU data as a framework to assess outcomes and "the promise of newborn screening" in 2016. 12 This paper expands on the 3-year follow-up data collected by California and three other states as described in the 2014 Hinton et al. 11 publication. Using a 5-year cohort of California newborns diagnosed through NBS with metabolic conditions designated as primary disorders on the Recommended Uniform Screening Panel (RUSP), 13 we provide comparable estimates of LTFU status by individual disorders. We also compare demographic characteristics of children who stayed in active care at a metabolic specialty care center with the group that did not stay in active care. For the children who died during the study period, we describe types of disorders and age at death.
MATERIALS AND METHODS
The study population included 426 newborns with confirmed primary metabolic disorders on the RUSP identified through the California Department of Public Health's NBS Program administered by the Genetic Disease Screening Program (GDSP) from 7 July 2005 through 31 December 2009. The California NBS program is a statewide mandatory program that screens~99% of all known live births in the state. It collects dried blood spot specimens on filter paper through a heel-stick at ≥ 12 hours of age (median: 30 hours) and measures acylcarnitines and amino acids using tandem mass spectrometry for metabolic disorder screening.
All newborns with initial screen-positive test results are referred to 1 of the 15 state-contracted metabolic care centers for confirmatory testing to rule out or confirm a diagnosis. Between 2005 and 2009, confirmatory testing guidelines were developed by a committee of California metabolic specialists to establish consistency in the methods used to determine a final diagnosis for different combinations of acylcarnitine and amino acid elevations. Final determination of disease status is reported to the GDSP regardless of disorder type or severity. Centers provide ongoing clinical treatment to families. Costs for services are paid either by the family's insurance provider, MediCal (the California Medicaid program), or California Children's Services, a program that is legislated to provide services to families without any other means of payment.
A total of 2,453,545 newborns were screened during the study period. Of the 5,859 newborns with initial positive screening results for metabolic disorders, 426 were identified with 1 of 20 primary metabolic disorders on the RUSP. 13 Screening test results, diagnostic data, and clinical follow-up information for the 426 patients were reported to GDSP through a secure Web-based screening information system (SIS). The GDSP provides the metabolic care centers with a data entry manual that describes how and when data should be entered into SIS. Following an initial screen-positive result on the NBS test, short-term follow-up data is collected in SIS about the clinical diagnostic services provided to each newborn to confirm or rule out a diagnosis. For those instances where a diagnosis is confirmed, LTFU information is provided by the respective metabolic care center on a yearly basis using a Metabolic Center Annual Patient Summary (MCAPS) screen in SIS. Every day SIS updates a list for each center that displays which patients are due to have an MCAPS form completed. Follow-up centers are requested to complete the MCAPS form once a follow-up year (defined as the 1-year duration between two consecutive birthdays of each respective patient) within a month after the patient's birthday month.
The state compensates the follow-up center for each MCAPS report. A detailed description of the program's short-and long-term follow-up data collection system has been published elsewhere. 9 Center staff, usually a genetic counselor or clinic coordinator with a nursing background, enters data into SIS. Data includes a description of the cumulative medical and social services provided during the previous year of life and the health status of the child at the completion of each follow-up year. Data is collected about the laboratory tests ordered to monitor the child's health, the type of treatment regimens initiated and the developmental status of each child at each completed year. The MCAPS also tracks the patient's followup status, including whether the patient is in active care at the end of each year and the reasons for discontinued care. If the child died in the previous year, information about the date and cause of death is collected.
The MCAPS defined a patient's follow-up status as "Active" if the patient was currently being seen at the center, as "Transferred" if the patient was transferred to another metabolic care center, as "Lost to follow-up" if whereabouts of the family were unknown and there was no way of communicating with them given that reasonable efforts to locate the family had been made and documented in SIS, as "Refused follow-up" if the patient's parents refused follow-up, as "Determined to require no further follow-up" if further follow-up was deemed unnecessary by the metabolic care center, as "Patient not seen" if the patient was not seen in the past year but was still under active follow-up, or as "Moved out of state" or "Patient died" if the event occurred in the previous year. This analysis presented the follow-up status either as originally defined (as described above) or regrouped as "Patient in active care" (including "Active," "Transferred," and "Patient not seen") and "Patients not in active care" (including "Lost to follow-up," "Refused follow-up," "Determined to require no further follow-up," "Moved out of state," and "Patient died").
The California NBS program asks metabolic care centers to complete MCAPS forms only for patients that were in active care as reported in the MCAPS from the previous year. No further MCAPS forms were requested after a patient was reported as "Lost to follow-up," "Refused follow-up," "Determined to require no further follow-up," "Patient died," or "Moved out of state." Patients were assigned as "Active" for a specific follow-up year with a requested but not returned MCAPS if they were "Active" in later years, and as "Lost to follow-up" if they were "Active" in the immediate previous year but did not return any other requested MCAPS forms in later years.
Patients' follow-up status and age reported in the MCAPS forms were linked to NBS program routine data (metabolic disorder diagnosis, maternal race/ethnicity, and maternal age), California birth certificate data (maternal age, education, and expected principal source of payment for delivery), and California death certificate data (age at death) for analysis. Maternal age, based on the program routine data if available and supplemented by the birth certificate data, was categorized as o24, 25-34, and ≥ 35 years old. Maternal education was grouped as o12, 12, and > 12 years. Expected principal source of payment for delivery was categorized as private insurance, Medi-Cal (the California Medicaid program), and other (self-pay, federal programs including CHAMPUS/ TRICARE, or other). Follow-up status within a specific follow-up year and over the entire 5 years of follow-up were analyzed separately. Maternal characteristics of patients in active care were compared with those patients not in active care using chi-square testing for statistical significance.
All of the statistical analyses were conducted in SAS version 9.3 for Windows (SAS Institute, Cary, NC). The study protocol was exempted by the California Health and Human Services Agency Committee for the Protection of Human Subjects (project number 15-02-1898) as part of the ongoing program evaluation.
RESULTS
Of the 426 patients who were referred for follow-up, 13 died within 2 months of birth so MCAPS forms were not expected. Over the cumulative 5 years, 20.4% (n = 87) of the 426 patients were lost to follow-up, 8.7% (n = 37) moved out of state, 6.3% (n = 27) were determined to require no further follow-up, 4.7% (n = 20) refused follow-up, and 4.7% (n = 20) died ( Table 1) . Most of the events occurred in the first year of life, including deaths (80.0%, 16/20) , no further follow-up determined to be required (48.2%, 13/27), and follow-up refusals (50%, 10/20). "Patient not seen" was barely reported in the first 2 years of follow-up (n = 1 in the followup years 1 and 2, respectively) but more than doubled in each year of the last 3 years of follow-up (4, 9, and 18 in the followup years 3, 4, and 5 respectively). The proportion of those lost to follow-up in a specific follow-up year, ranging from 4.5% to 6.0%, did not change over the 5-year period.
Certain disorders were associated with a higher percentage staying in active care through age 5 ( Patients in active care at age 5 were not significantly different from patients not in active care in the distribution of maternal age at delivery, race/ethnicity, completed education years, and expected principal source of payment for delivery ( Table 3) .
A total of 20 patients died (4.7% of 426) during the 5-year follow-up. Most of them (n = 13, 65%) died within 2 months after births ( Table 4 ). The leading disorders for the observed deaths were MUT (n = 6), MCAD (n = 4), and VLCAD (n = 3).
DISCUSSION
Many studies have examined LTFU data to describe the clinical outcomes associated with expanded NBS using tandem mass spectrometry, including inborn errors of metabolism, 14 mitochondrial fatty acid beta-oxidation defects, 15 VLCAD, 16, 17 malonic acidemia, 18 MCAD, 19 and urea cycle disorders. 20 Using LTFU data collected in California, Gallant 21 described the biochemical, molecular, and clinical characteristics of children with short-chain acyl CoA dehydrogenase deficiency (listed as a secondary RUSP disorder) and concluded that this disorder was not associated with significant morbidity or mortality in newborns followed through age 5. Short-chain acyl CoA dehydrogenase deficiency has now been removed from the Ohio state screening panel 22 and other states may be considering this option. Based on 5 years of LTFU data in California for children identified with 3-MCC, Lam et al. 23 found that a significant portion of 3-MCC cases had a mild phenotype and thus 3-MCC may not be a clinically significant condition. These examples highlight the value of LTFU data in assessing the long-term clinical impact of select metabolic disorders.
In our study, the percentage of completed MCAPS forms was surprisingly high and we were able to account for the whereabouts of almost all the original cohort of cases. Close to 95% (94.3%) of requested forms were completed. More than 80% of patients (ranged from 82.6% to 91.6%) stayed in active care in the following consecutive year in each of the 5 follow-up years. We also found a very low percentage of care refusals, with less than 5% (4.7%) of patients who refused follow-up over the full 5-year period. This is a testament to the viability of the current reporting system, indicating the feasibility of conducting LTFU among patients with rare genetic disorders identified through a statewide screening program.
The percentage of children who were still in active care at age 5 ranged from 39% to 90% depending on the specific disorder. Active management at a metabolic specialty care center may provide more benefit from the parental perspective for some disorders than others. For example the high percentage of children with phenylketonuria in active care at age 5 may reflect the fact that these children require ongoing dietary management and phenylalanine monitoring, a laboratory testing service paid for by the GDSP. The disorders with the lowest percentage of patients staying in active care were 3-MCC, CUD, and MUT. The low percentage of children with 3-MCC in active care at age 5 may reflect the clinically mild Three patients were also reported as "Patient not seen" during one of the 5 years of follow-up. Not including the three patients who were also "Transferred" during the study period. Three other patients were also reported as "Patient not seen" twice during the 5 years of follow-up. e Seven patients were reported as "Transferred" and five patients were reported as "Patient not seen" before they stopped being in active care. impact of this disorder, 24 as mentioned by Lam et al. 23 Children with CUD and other conditions are possibly being managed by primary care providers in the community and therefore dropped out of active status. This leads to the recognition that not all disorders need to be managed at a metabolic specialty care center. Other possible barriers to care exist for some families, including transportation challenges when families have to travel long distances to the specialty care clinic, and language and communication barriers for non-English-speaking families. This may explain the lower number of active care patients with MUT. This disorder has been reported to be more frequent in the Hispanic population 25 and therefore transportation, language, and communication challenges may disproportionately impact families of children with MUT. Overall, the percentage of patients who were classified as lost to follow-up did not differ by age, race/ethnicity, and insurance status. These data imply that the types of patients who stayed in active care or dropped out of care was not influenced by demographic characteristics of the newborn's family. Of the 5% of parents who specifically refused followup, the proportion of families who made this decision did not differ significantly by any of these demographic factors in comparison with those who stayed in active care.
The number of deaths in the cohort (20) is too small to find statistically significant differences among subgroups. The deaths seem randomly distributed by maternal characteristics, including age, race, and educational status, with one notable exception worth further study. The cases of MUT seem more concentrated in the Hispanic population, and this population seems to have a higher death rate. Evidence suggests that some of the more common variants in the Hispanic population cause more severe forms of the disease. 25 The overall death rate of 4.7% is low compared with rates reported in nonscreened populations. In a French study 26 that followed 187 nonscreened children with fatty acid oxidation disorders through age 5 (o6 years), the overall mortality rate was 48%. In an Australian study 27 that described the clinical outcomes by age 6 years among two unscreened cohorts, the overall mortality rate was 22% (26 deaths among 116 unscreened cases, excluding phenylketonuria). We report relatively low mortality rates for VLCAD, long-chain L-3 hydroxyacyl-CoA dehydrogenase deficiency, and MCAD as 7.9%, 28.6%, and 3.5% respectively, compared with 60%, 63%, and 20% reported in the French study. The high mortality rates reported in both the French and Australian cohorts are consistent with retrospective analyses of unscreened cohorts that have an ascertainment bias caused by underdiagnosis or underreporting of milder forms of disease. The overall 4.5% mortality rate in our study is higher than the 1.7% mortality rate reported by Hinton et al. 11 in 2014, which included a much smaller cohort of California cases identified in just 17 calendar months. With respect specifically to MCAD, our mortality rate of 3.5% is consistent with MCAD death rates of 4.3% and 5.1% reported from NBS in New England 28 and Spain, 14 respectively.
Of the 20 primary RUSP disorders included in this study, 13 are considered time-critical disorders that may present acutely in the first weeks of life and require immediate treatment to avoid death or severe disability. 29 In our data, all of the deaths were among children with time-critical disorders. The majority (n = 15) occurred in the first year of life (P o 0.05, compared with the deaths beyond the first year of life). Seven of the 20 deaths (35%) occurred in the first 4 days, with 6 of the deaths being fatty acid oxidation disorders. The disorders where deaths were reported beyond 1 year included the two glutaric acidemia type I cases and three of the six MUT disorders. This data supports the importance of being able to track these children in the early years of life to more fully understand the postscreening natural history of these disorders.
Strengths of this study included successful population-based subject identification via the statewide screening program, successful longitudinal monitoring on follow-up status in each follow-up year using a large sample size of diverse metabolic disorders, and nearly complete follow-up of 5 years for each One weakness was the potential inconsistency in data reporting from the 15 metabolic care centers. First, the final determination of disease status was made by metabolic specialists from each center. We did not evaluate how the diagnosis was made due to our policy not to override the clinicians' diagnoses. The accuracy of the data provided in the annual patient summary based on medical chart review was also not evaluated. Another possible concern is the definition of some of the terms that captured patient status. The data entry manual that the GDSP provided gave a general definition for each follow-up status term. However, it was each center's discretion to apply the definitions in practice. In particular, the definition of when a patient should be classified as "Lost to follow-up" might not have been uniformly applied. In addition, this study relied on existing data from MCAPS, NBS program routine data, and birth and death certificates for analysis. We were not able to examine other possible risk factors for follow-up status due to data not being available (e.g., household income and employment status).
It also must be acknowledged that a payment of approximately $200/year/patient is made to metabolic centers to provide the LTFU data described in this report. The funds to support this effort come from the NBS program fee, which was $111.70 per newborn during the study period. The annual cost of collecting LTFU data on all metabolic disorders diagnosed each year through NBS is about 1.5% of the overall revenue from the screening fees for approximately 500,000 newborns each year. Other state NBS programs may want to consider raising their NBS test fee to support the collection of LTFU data. The GDSP was able to obtain a waiver of consent by the California Committee for the Protection of Human Subjects (project 15-02-1898) allowing the collection and use of aggregate data provided by specialty care follow-up centers under contract with the state.
Future investigations on other risk factors for the lost to follow-up and parent refusals groups (respectively) may help improve the LTFU rate, including, for example, how travel distance from the family's primary residence to the metabolic care center impacts the likelihood of staying in care. This could be important in a state as large as California, where access to care may be improved through increased use of telemedicine and/or satellite clinic availability.
Other investigations could focus on how disorder-related morbidities and health status of the child may influence a parent's decision to discontinue, or stay in care, at a metabolic specialty care center. This phenomenon is particularly interesting for the asymptomatic child, where parents may be lulled into thinking that their child no longer needs ongoing treatment. Complicating this situation is the fact that as a result of NBS, the number of diagnosed cases is often higher than the number expected based on clinical signs and symptoms due to identification of mild biochemical phenotypes 23 or genotypes with unknown clinical significance. 30 Some have criticized NBS programs for causing the "unnecessary medicalization" of children, 31 or the phenomenon referred to as "patients in waiting." 32 However, some asymptomatic children may be at risk for metabolic decompensation 33 or neurological dysfunction later in life. 34 As states move forward with adding peroxisomal and lysosomal storage diseases to their NBS panels, the value of LTFU data will become increasingly important to assess the health status of children with late-onset conditions. Newborn screening has been described as one of the ten greatest public health achievements in the past decade. 35 Despite this recognition, state NBS programs still face ongoing challenges about how to collect LTFU data to demonstrate that NBS makes a difference, and how to maximize health outcomes for children identified through this important public health program. 12 Despite these challenges, if NBS is able to achieve its goals, systematic LTFU strategies will be required and this will ultimately help define the success of NBS. 36 
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